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ABSTRACT 
FUNCTIONALIZATION OF CARBON NANOTUBES 
by Tane Boghozian 
Chemical functionalization of carbon nanotubes (CNTs) is critical because it gives 
them desirable properties such as good solubility in various solvents and compatibility 
with polymers. We examined two approaches to attach hydrophilic groups on the surface 
of both single-wall carbon nanotubes (SWNTs) and multi-wall carbon nanotubes 
(MWNTs), thus making them soluble in water and different organic solvents. 
Our first approach was to covalently attach maleic anhydride groups on the surfaces 
of high-pressure CO conversion (HiPCO) SWNTs and MWNTs and to study the reaction 
mechanism. The success of the reaction was demonstrated by solubility tests, X-ray 
photoelectron spectroscopy (XPS) and Raman spectroscopy. The number of maleic 
anhydride groups on the CNTs can be easily controlled by reaction time and reagent 
stoichiometry. 
Our second approach was a two-step phenylation-sulfonation tandem reaction and 
was done on non-HiPCO SWNTs with lengths in the range of 5-3 fxm and diameters 
between 1-2 nm. While this process has been shown to be facile with high-pressure CO 
(HiPCO) SWNTs due to their small diameters, we have demonstrated herein that this 
process also works on non-HiPCO SWNTs with a diameter significantly above 1 nm. 
We also conducted a systematic study to examine the influence of different reaction 
parameters such as concentration, solvent, temperature, and reaction time on the 
reactivity of SWNTs. 
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Chapter 1: Carbon Nanotubes 
1.1 The Discovery of Carbon Nanotubes (CNTs) 
Nanotechnology impacts various areas such as electronics, biotechnology, 
aerospace, and the environment. One of the breakthroughs of nanotechnology is the 
discovery of carbon nanotubes (CNTs) which can be considered as graphite sheets rolled 
into cylinders. In 1991, while Iijima was studying the fullerenes from an arc discharge 
process, he discovered multi-wall carbon nanotubes (MWNTs) at the negative end of the 
electrode. Figure 1.1 shows the transmission electron microscopy (TEM) images of 
seamless and cylindrical structures derived from the graphite sheet. MWNTs have larger 
diameters in the range of 1 nm-50 nm. The MWNT structure lies between that of a 
carbon fiber, which has many defects, and that of a SWNT, which has a well-defined 
structure. MWNTs consist of multiple layers of graphite rolled into concentric cylinders. 
Figure Lib shows MWNTs with an outer and inner tube, separated from each other by a 
distance of 3nm. In 1993, both Iijima and Bethun2'3 independently discovered single-wall 
carbon nanotubes (SWNTs). 
1 
a b c 
Figure 1.1. TEM images of CNTs taken by Iijima. 
a. Five-layer CNTs with diameter 6.7 nm. 
b. Two-layer CNTs with diameter 5.5 nm. 
c. Seven-layer CNTs with diameter 6.5 nm.1 
Reprinted with Permission from (Lijima, S. Nature 1991, 354, 56-58). Copyright 
(2008) American Chemical Society. 
SWNTs are made of one layer of graphitic carbon atoms rolled into a seamless 
cylinder. They have a small diameters in the range of 1 nm. SWNTs exhibit important 
electrical properties due to their near-perfect structures. Figure 1.2 shows a TEM image 
of SWNTs. 
2 
• ' - V > > . . . • -£*•' 
Figure 1.2. TEM image of SWNTs.3 
Reprinted with Permission from (Bethune, D. S.; Klang, C. H.; de vries, M. S.; 
Gorman, G.; Savoy, R.; Vazques, J.; Beyers, R. Nature 1993, 363, 605-607). 
Copyright (2008) American Chemical Society. 
1.2 Synthesis 
The most popular methods of CNT synthesis are chemical vapor deposition 
(CVD), pulsed laser vaporization, high pressure CO conversion (HiPCO), and arc-
discharge. The basic goal in all these methods is to control the alignment, length, 
diameter, and bundle size of nanotubes. Chemical vapor deposition (CVD) is used to 
produce both MWNTs4 and SWNTs.5'6 The fundamental process of synthesis of SWNTs 
by CVD is to grow SWNTs by CO disproportionation (conversion of CO into carbon and 
carbon dioxide) in a tubular fluidized bed reactor. CO and catalyst particles (transition 
metals such as Mo) flow upward through the reactor at 700°C-950°C and pressure in the 
range of 1 to 10 atm. 
3 
Kong and coworkers5 studied the CVD of methane at 1000°C on supported Fe203 
catalysts to produce SWNTs. Kong et al. believe that the structure of the catalyst is 
important in determining whether individual SWNTs or bundled SWNTs are formed. 
Fe203/alumina catalysts produce individual SWNTs along with bundles of SWNTs and 
MWNTs. However, Fe2C>3/silica produces only individual SWNTs with diameters 
between 4 and 47 nm. Hafner et al.6 synthesized SWNTs by the CVD method from two 
types of carbon feedstock (CO and C2H4) over two different metal catalysts (alumina:Mo" 
and alumina:Fe:Mo). They found that by the disproportionation of CO over alumina:Mo 
catalyst, SWNTs with monodisperse diameters (0.8-0.9 nm) can be formed. By the 
disproportionation of CO over alumina:Fe:Mo, larger diameter SWNTs (0.5-3 nm) and 
MWNTs could be formed. The same result was achieved by using (C2H4) as a carbon 
source but the reaction occurred faster. The slow reactivity (disproportionation) of CO is 
evidently due to the necessity of breaking the triple bond between carbon and oxygen. 
Pulsed laser vaporization is another method to produce CNTs. By this method, a 
sample is prepared by laser vaporization of a graphite rod with cobalt and nickel as 
catalysts, at 1200°C in flowing argon gas. Heat treatment in vacuum at 1000°C is 
necessary to remove any fullerene formed. Two laser pulses are used to minimize the 
amount of non CNTs carbon deposits. Usually, the second laser pulse breaks the larger 
particles produced by the first laser pulse and feeds the growing CNTs. Smalley and 
coworker7 produced large-scale SWNTs by pulsed laser vaporization. They synthesized 
SWNTs at 1200°C in the atmosphere of a graphite target saturated with carbon-nickel-
* Mo = molybdenum, 
4 
cobalt mixture as catalyst. In general it is believed that the diameter (d) of SWNTs 
depends on a competition between the energy cost of the open edge (proportional to d), 
against the strain energy in the graphite sheet (proportional to d"1). MWNTs can be self-
assembled by pulsed laser vaporization of graphite under inert atmosphere at 1200°C.8 
Smalley and coworkers used high pressure CO conversion (HiPCO) to produce SWNTs 
with small diameters. In this method (which is similar to CVD), SWNTs are grown by 
disproportionation of CO as carbon feedstock and Mo or Ni as catalytic particles. The 
TEM image obtained from the SWNTs reveals two important results: First, the presence 
of catalytic particles at the tube end; second, the correlation between the diameters of 
SWNTs (1-5 nm) and the size of the particles. 
Smalley and coworkers9 believe the formation of SWNTs is based on the 
nucleation mechanism. Metal particles dehydrogenate a hydrocarbon molecule present in 
the vapor; then the carbon diffuses to the open end of the nanotube and gets inserted into 
the nanotube network. Another method to produce CNTs is the arc discharge method. 
By this method, two carbon electrodes are placed end-to-end in a closed chamber 
containing inert gas at low pressure. The distance between the two electrodes is 1 mm. 
Applying a direct current of 50 to 100 A driven by a potential difference of 20 V creates a 
high temperature discharge between the two electrodes. The discharge vaporizes carbon 
from the surface of one electrode and builds up carbon deposits on the other electrode. 
Journet et al.10 produced SWNTs in an arc discharge reactor in a helium 
atmosphere. The cathode and anode are both hollow graphite rods filled with a metallic 
catalyst such as Ni-CO, CO-Y, or Ni-Y. Ebbesen et al.u used the arc discharge method 
5 
to produce MWNTs in a helium atmosphere. The purity of MWNTs depends on the gas 
pressure in the reactor. 
1.3 Purification of Carbon Nanotubes 
The conditions (such as catalysts, temperature, power source and vacuum) under 
which CNTs are prepared have a huge impact on their quality. Raw MWNTs, when 
produced, contain large amounts of polyhedral graphite nanoparticles and small amounts 
of graphite impurities. Raw SWNTs, when produced, contain large amounts of carbon 
nanoparticles, amorphous carbon, fullerenes, and metal catalysts. 
Different methods are used to purify SWNTs and MWNTs. One method is gas-
phase oxidation, which is appropriate for purification of MWNTs.12 Cathodic deposits 
are soaked in aqueous solution to help their oxidation. Therefore, carbon particles are 
wetted to form a stable suspension. The suspension is cooled down to -35°C and thawed 
to 20°C. This causes cleavage of graphite layers in the graphite component of the 
deposits. The material is then dried at 100°C and exposed to oxygen at 700-800°C 
followed by annealing in air for 3-5 hours. This causes 50-90% of the deposits to be 
removed by oxidation.13 The gas-phase oxidation can destroy SWNTs along with 
amorphous carbon because SWNTs have smaller diameters and they are more reactive.14 
Another method is liquid phase oxidation using agents such as KMnCVfT,15 and 
HN03,
16 which are widely used to purify CNTs. Liquid phase oxidation, which can be 
carried out at lower temperatures (70°C-80°C), gives significantly higher yield and 
facilitates the characterization and application of CNTs. 
6 
Another purification method is high temperature gas phase oxidation, followed by 
washing with HC1.17 This method is used to remove the metal catalyst impurities 
generated by laser ablation on the surface of CNTs. This purification method confirms 
that the reactivity of oxygen with small diameter tubes is higher than with large diameter 
1 8 
tubes, presumably because of steric strain on small diameter CNTs. Nikolaev and 
coworkers19 used a new method called soft-bake to purify SWNTs produced by laser 
ablation. In this method, raw SWNTs as produced are annealed at low temperature in 
humid air. This helps to degrade the graphitic shells surrounding the metal particle 
impurities. Once these graphitic shells degrade, metal particles get exposed and react 
with HC1. This method offers higher reproducibility, higher yield, less process time, and 
better removal of metal impurities. 
Another widely-used purification method is K2S2O8 treatment, followed by 
mixing with acids. This method introduces hydrophilic groups, such as carboxyl and 
hydroxyl groups, on the surface of CNTs during purification. These hydrophilic groups 
help the CNTs to de-bundle and become soluble in different organic solvents. Another 
purification method is the treatment of SWNTs with 0.1M I2 in isopropanol. In this 
method, metal catalysts such as Ni and Y can be removed easily from the surfaces of 
CNTs at lower temperatures. Halogen used in this method can penetrate into carbon and 
9 1 
selectively oxidize unwanted carbonaceous material at low temperatures." 
7 
1.4 Properties of Carbon Nanotubes 
CNTs have special mechanical, thermal and electronic properties due to their 
seamless cylindrical structure. They are graphene sheets rolled into cylindrical tubes 
along an (m, n) vector. Two parameters that give CNTs three different structures are the 
chiral vector (C) and a chiral angle (0).22 In the following equation, aj and a2 are two 
vectors. Figure 1.3 demonstrates the honeycomb structure of a graphene sheet. 
C = nai + ma2 
When n = m and 9 = 0°, the nanotubes are armchair and metallic in which n - m = 3q, 
where q is an integer. 
When m = 0 and 9 = 30°, the nanotubes are zigzag and semiconducting, by which 
n - m = 3q+ 1 
Figure 1.3. The vectors ai and a2 are shown. 
Reprinted with Permission from (Charlier, J. C. Ace. Chem. Res. 2002, 35, 1063-




Figure 1.4. Electronic state density diagrams of two different CNTs: (a) metallic 
armchair (5, 5) tube with charge carriers at Fermi level, (b) semiconducting zigzag (7, 0) 
caused by energy gap between valence and conduction band.23 
Reprinted with Permission from (Charlier, J. C. Ace. Chem. Res. 2002, 35, 1063-1069). 
Copyright 2008 American Chemical Society. 
Because from the perspective of electronic conduction CNTs may be considered quasi-
one-dimensional structures, CNTs are expected to exhibit interesting quantum-derived 
electronic properties.23 Among these are a complex state density distribution that may 
have a band gap at the Fermi level depending on the CNTs structure, as shown in Figure 
1.4. 
The mechanical properties of CNTs also depend on the structure of CNTs - for 
example, a perfect arrangement of covalent C-C bonds oriented along the axis in the 
structure of CNTs gives a strong material. This strength may be characterized by 
Young's modulus (E), which measures the stiffness of materials. E is defined as the ratio 
of stress (elongation) to strain (force). In solid materials, Young's modulus is related to 
the chemical bonding of the atoms. Measurement of Young's modulus of CNTs is done 
by atomic force microscopy (AFM) and high-resolution transmission electron 
9 
microscopy (HRTEM). As noted above, E depends on the degree of structural disorder in 
the CNTs and is generally higher in SWNTs with smaller diameters. In the case of 
MWNTs, Young's modulus is dependent on the degree of order within the tube wall.24 
Increased structural disorder decreases E drastically. High strength and light weight 
make CNTs a good choice for structural applications. CNTs composites are used in a 
variety of products from tennis rackets to spacecraft and aircraft body parts. NASA has 
invested heavily in developing CNTs composites for space application such as the 
exploratory of the Mars mission. 
The thermal properties of CNTs are also related to their unique structure and 
small size. For example, nanotube-epoxy blends show dramatically enhanced thermal 
conductivity, up to 125%, with CNT loadings as low as 1% (by weight). Thermal 
conductivity of the same epoxy sample loaded with 1% carbon fiber is three times 
smaller.25 
1.5 Applications of Carbon Nanotubes 
CNTs remarkable properties lead them to potential applications in diverse fields 
such as electronic, optical and mechanical applications. These are described below. 
1.5.1 Field Effect Transistors (FET) 
A Field effect transistor controls the flow of electric current as a function of the 
voltage applied to its gate electrode. It finds wide application in computers and industrial 
electronics. Dekker and coworkers26 made single molecule FETs using SWNTs. The 
SWNTs, when connected to two metal electrodes, could be switched from a conducting 
state to an insulating state by applying voltage to a gate electrode. One of the advantages 
10 
of this molecule-sized FET is that it works at room temperature, thereby opening the 
possibility of practical applications. Of course, only semiconducting S WNTs function as 
FETs, so the synthesis and purification of semi-conducting SWNTs is a big challenge. 
1.5.2 Field Emission Devices (FED) 
The high aspect ratio, small radius of curvature at their tips and high chemical 
stability of both SWNTs and MWNTs make them suitable as field emitters which may 
find application in applications such as cathode-ray tubes (CRTs), lighting elements and 
vacuum fluorescence display (VFD) panels. As an example, Saitio et al.27 have 
demonstrated a CNT-based field CNT-coated emitting surface that is able to support 
electron emission into vacuum. The potential at which field emission begins for CNT-
based emitters is low because of both the extremely small radius of the CNTs tips and 
their substantial length. 
1.5.3 Mechanical Application 
The outstanding properties of CNTs have enabled the development of composite 
systems with improved mechanical performance. CNTs are strong materials due to the 
perfect arrangement of carbon-carbon covalent bonds along their axes.28 For example, 
CNTs can be used as reinforcing agents in polymer composites. Nanotube 
reinforcements are believed to absorb mechanical energy in part due to their high 
flexibility and consequently increase the toughness of these composites. 
Another mechanical application of CNTs is in so-called 'nanotweezers'. Akita 
-in, 
and coworkers developed nanotweezers made of CNTs that are used in conjunction 
with an atomic force microscope. CNTs are attached to two electrodes and a direct 
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current is applied to the two CNT arms. As a result, the CNTs bend towards each other. 
By increasing the applied voltage, the distance between the CNT tips decreases until they 
touch. The bend of CNT arms at certain voltage was then determined from a balance 
between the electrostatic attraction and the bending moment of the CNTs arms. 
1.6 Challenges for Carbon Nanotube Applications 
Due to extensive van der Waals interaction between carbon nanotubes, they tend 
to aggregate into bundles and ropes and generally have very poor solubility in most 
solvents. To make CNT-polymer composites, the CNTs have to (a) be soluble in 
different organic and aqueous solvents and (b) interact with polymers. Various chemical 
groups have to be attached on the surface of CNTs to improve their solubility by 
interrupting the van der Waals interaction between the tubes and increasing CNT-solvent 
interaction. Such groups can be either covalently or non-covalently attached to the 
CNTs surfaces. For covalent attachment, active species such as radicals, carbenes or 
nitrenes are required. 
1.7 Covalent Functionalization of Carbon Nanotubes 
Chemical functionalization can be carried out either at the ends, on the sidewall or 
inside of CNTs. One advantage of end functionalization is that the wall remains intact. 
The majority of functionalizations reported have been done on the sidewall of CNTs, but 
both endohedral (within tube) and end group functionalization are possible.31 
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1.7.1 End-Functionalization of Carbon Nanotubes 
In 1998, Hadden and coworkers32 oxidized single-wall CNTs with HNO3. The 
resulting CNTs had carboxyl functional groups at each end. These functional groups 
were identified with FTIR spectroscopy as CO2H (1719 cm"1 band) and are assumed to be 
located at tube ends. Subsequent chlorination with COCI2 and coupling with 
octadecylamine (ODA) yielded soluble amide-modified SWNTs. End-oxidized CNTs 
also presented excellent affinity for Ag surfaces. Self assembled CNTs layers were 
identified by TEM images that show that CNTs attached perpendicularly on the surface 
of silver through the COOH groups in bundles of 6.5 +/-0.5 nm. This suggests that due to 
its lattice structure, silver can immobilize shortened SWNTs to specific bundle size. 
Wu and coworkers suggested two possibilities to explain the assembly of CO2H 
terminated CNTs on silver. The first involved a nucleation and growth mechanism in 
which a single CNT, once attached to the silver surface through COOH, groups forms a 
nucleation center. Subsequent incoming CNTs can then attach to the existing CNTs by 
both hydrophobic sidewall interactions and surface-C02H ones. Beyond a critical size, 
grows slows and new nucleation sites begin to predominate. The second possibility 
entertained was that shortened SWNTs may have pre-bundled in the solution wherein a 
degree of size-selectivity was operative and then attached on the silver surface. In a 
similar study Liu and coworkers chemically cut the grown CNTs and attached thiol 
groups at their ends. The gold-thiol chemistry then mediated the assembly of CNTs to 
Au surfaces. Such directed assembly opens up a range of fascinating applications.34'35 
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Another application of the end functionalized CNTs is in chemically-sensitive 
scanning microscopy probes. This can be done by covalent attachment of hydrophilic 
groups such as COOH to the open end of a CNT attached to an atomic force microscopy 
(AFM) tip. Modified tubes can be used for probing the structure and function of 
i t : 
biological systems. Another application of the end functionalized CNTs involves 
controlling ion transport through a composite membrane structure. In one such study, 
plasma oxidation was used to introduce carboxylic groups at the end of CNTs. These 
functionalized CNTs were then incorporated into a polystyrene film in such a way that 
the CNTs spanned the thickness of the film and made a channel capable of passing ions. 
In this study, the carboxylic acids at the end of CNTs were modified by carboiimide 
chemistry and coupled to the amine groups of various functional molecules presenting 
accessible amine groups - examples included aliphatic amines and anionically charged 
dye molecules. Depending on the type of functional groups at the end of CNTs, ions 
were shown to selectively pass through CNTs channels. 
1.7. 2 Functionalization at the Sidewall of Carbon Nanotubes 
The low solubility of unfunctionalized CNTs is an impediment for their 
application, so methods to increase this have been sought. The most effective and robust 
of such methods is to functionalize CNTs by sidewall functionalization, because more 
functional groups can be attached along the side than to the ends. Functionalizations of 
CNTs help to break down the bundles to single tubes and increase their solubility in 
different organic and aqueous solvents. 
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1.7.3 Nucleophilic Substitution 
Mickelson et al.38 demonstrated the fluorination of CNT sidewalls by difluorine 
at temperatures ranging from 150°C-600°C. The difluorine was diluted with helium and 
passed through a temperature-controlled flow reactor containing the purified CNT 
samples at several different temperatures (250°C, 325°C, and 500°C). TEM studies 
showed that at 325°C, functionalized SWNTs with fluorine maintain their tube-like 
structure. However, at 500°C, the SWNTs did not survive. They reported that the 
majority of the covalentry bonded fluorine could be removed from the sidewall of CNTs 
with anhydrous hydrazine, which was confirmed, by SEM and Raman spectroscopy. The 
fluorinated CNTs are soluble in alcohol solvents via ultrasonication.39 
Fluorinated CNTs can then be further functionalized through nucleophilic 
substitution reactions. Alkyl groups can replace fluorine atoms, using Grignard or 
organolithium reagents. 1 Diamines can also react with fluoronanotubes via nucleophilic 
substitution reactions. Therefore, fluorinated CNTs can act as an intermediate for further 
functionalization. 
1.7.4 Arylation 
In 2001, Tour and coworker42 reported a new method to functionalize CNTs with 
electro-chemical reduction of aryl diazonium salts (Figure 1.5). 
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Figure 1.5. Functionalization of CNTs via arylation. 
Reprinted with Permission from (Bahr, L. J.; Yang, J.; Kosynkin, V. D.; 
Bronikowski, J. M.; Smalley, E. R.; Tour, M. J. /. Am. Chem. Soc. 2001,123, 6536-
6542). Copyright (2008) American Chemical Society. 
The degree of functionalization was high and it was estimated that one out of 
twenty carbon atoms on the CNTs sidewall was linked to a functional group. This 
method generates reactive radicals on the surface of CNTs which minimizes the tendency 
of the initial aryl radical to dimerize or abstract a hydrogen atom from the solvent. 
Various reactive aryl radicals derivatives were made as shown in Figure 1.6. CNT-1 is 
soluble in organic solvents such as THF, DMF, CHC13. CH2C12. CNT-2 and CNT-3 are 





Figure 1.6. Three different aryl diazonium salts that have been used to functionalize 
CNTs.42 
Reprinted with Permission from (Bahr, L. J.; Yang, J.; Kosynkin, V. D.; 
Bronikowski, J. M.; Smalley, E. R.; Tour, M. J. /. Am. Chem. Soc. 2001,123, 6536-
6542). Copyright (2008) American Chemical Society. 
In 2003, Dyke and coworkers showed that this reaction could proceed in a 
solvent-free system. Thus-functionalized CNTs were characterized by UV-Vis, Raman 
and TGA . In a similar scheme, Kooi and coworkers electrochemically modified the 
surfaces of SWNTs with reductive coupling reaction of 4-nitrophenyl diazonium with 
SWNTs.44 By this method, 4-nitrophenyl diazonium salt become 4-nitrophenyl cation, 
which then, by electron transfer, formed the 4-nitrophenyl radical. This aryl radical then 
covalently attaches on the surface of SWNTs by making a C-C bond. The comparison of 
AFM image of SWNTs before and after the reductive coupling reaction shows that after 
the reaction the tube thickness increased. Scanning auger microscopy detected a nitrogen 
signal on functionalized SWNTs, which confirmed the attachment of 4-nitro phenyl 
groups on the surface of SWNTs. 
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1.7.5 7,3-Dipolar Cycloaddition 
Alvaro et al.45 modified CNTs through 1, 3 dipolar cycloaddition of nitrile imines. 
Functionalized CNTs contain N-phenyl esters at the end-cap and 2,5-dianylpyrazoline at 
the sidewall (Figure 1.7). 
Figure 1.7.1, 3-Dipolar cycloaddition of nitrile imines to CNTs. 
Reprinted with Permission from (Alvaro, M.; Atienzar, P.; Cruz, P. Delgado, L. J.; 
Garcia, H.; Langa, F. J. Phys. Chem. B 2004,108, 12691-12697). Copyright (2008) 
American Chemical Society. 
Photochemical studies on functionalized CNTs show electron transfer from the electron-
rich pyrazoline to both the electron-poor aryl ring and CNTs. Characterizations based on 
UV-Vis, NMR, and FT-IR confirmed the presence of functional groups on the sidewalls 
of CNTs. To reduce the reaction time, the 1, J-dipolar cycloaddition was done under 
microwave conditions.46 Compared to the conventional functionalization method which 
takes 5 days, functionalization under microwave conditions was carried out in just 15 
minutes with the same result. Liu et al. supported the feasibility of the i,5-dipolar 
cycloadditions on the sidewall of CNTs through theoretical calculations. 
Coleman et al.48 reported another type of cycloaddition reaction, the so-called 
Bingel [2+1] cyclopropanation. In this reaction, diethyl bromomalonate was used as a 
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precursor of carbene in i,8-diazabicyclo [5.4.0] undecene (DBU). The mixture was then 
reacted with 2-(methylthio) ethanol to give thiolated materials. Coleman and coworkers 
used chemical tagging with gold nanoparticles to identify the presence of functional 
groups on the sidewalls of CNTs with AFM, NMR and XPS (Figure 1.8). They 
estimated just 2% functionalization by Bingel [2+1] cyclopropanation. 
Figure 1.8. Bingle reaction on nanotubes and attachment to gold nanoparticles. 
Reprinted with Permission from (Coleman, K.; Bailey, R. S.; Fogden, S.; Green, H. L. M. 
/. Am. Chem. Soc. 2003,125, 8722-8723). Copyright (2008) American Chemical 
Society. 
1.7.6 Radical Addition 
Ying et al. studied free radical reactions on small diameter SWNTs (HiPCO 
tubes), using benzoyl peroxide as a radical initiator. Benzoyl peroxide was decomposed 
at 75-80°C with the formation of carbon dioxide and phenyl radicals. Phenyl radical 
then extracted iodide from alkyl iodide, and the resulting alkyl radical attached to CNTs 
(Figure 1.9). They studied the degree of functionalization by TGA which showed that 
one in every five carbons in the CNTs was functionalized. 
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Figure 1.9. Decomposition of benzoyl peroxide in the presence of alkyl iodides. 
Reprinted with Permission from (Ying, Y.; Saini, K. R.; Liang, F.; Sadana, K. A.; 
Billups, E. W. Org. Lett. 2003, 5, 1471-1473). Copyright (2008) American Chemical 
Society. 
The alkyl-functionalized CNTs exhibited improved solubility in organic solvents. 
Peng and coworkers50 studied the reactions of pristine and fluorinated SWNTs with 
organic peroxides such as benzoyl peroxide and lauroyl peroxide. This reaction produced 
phenyl and undecyl functionalized SWNTs. Characterization was done by Raman 
spectroscopy, FTIR, UV-Vis-NTR and TEM. All measurements confirmed the presence 
of functional groups on the surface of CNTS. Margrave et al. studied covalent 
attachment of alkyl groups to the sidewalls of CNTs via acyl peroxide chemistry.51 They 
reacted SWNTs with succinic or glutaric acid acyl peroxides which attached 2-carboxy 
ethyl or i-carboxy propyl groups to the sidewall of CNTs respectively. They further 
treated the acid chloride functionalized CNTs with ethylene diamine and 4,4-methylene 
bis (cyclohexylamine) to introduce amide groups on the sidewall of CNTs. Terminal 
functional groups present on CNTs improved their solubility in polar solvents such as 
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ortho dichlorobenzene, water, and isopropanol also improved the incorporation of 
modified CNTs into polymers thus forming composites. 
1.7.7 Endohedral Filling 
The term endohedral has fairly recently entered the chemical lexicon and refers to 
atom or molecule within molecule structures. CNTs have been made into endohedral 
^9 
complexes using various elements. This advance opens wide an investigation area for 
producing nanowires and for the storage of liquid fuels. In one example Lijima and 
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coworkers opened the capped tube ends by annealing the tubes in the presence of liquid 
lead. Capillary action then made the molten lead fill the tube cavity. Any liquid with 
less than about 180 mN'm"1 surface tension can fill the inner cavity of the nanotube at 
atmospheric pressure. 
Fullerenes such as the spherical Buckminsterfullerene Ceo are a similar class of 
materials that can be placed into the interior cavity of single-wall CNTs.54 Such 
endohedral materials are known as peapods because of their lumpy appearance. Peapods 
are formed during the purification of raw nanotube material by pulsed laser vaporization 
(PLV). Peapods are classified as supramolecular hybrid assemblies. Burteaux and 
coworkers55 also reported the presence of fullerene inside the 14 A° diameter SWNTs. 
They used acid etching to access the inner cavities of CNTs and toluene to dissolve the 
Fullerene. TEM and UV-Vis absorption at 355 nm due to Fullerene confirmed the 
endohedral hypothesis. DNA can also be encapsulated in the inner cavities of CNTs as 
confirmed by fluorescence spectroscopy.5 
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1.7.8 Non-Covalent Functionalized Carbon Nanotubes 
One of the approaches used to exfoliate CNT bundles is the noncovalent 
attachment of various groups such as polymers,57 surfactants,58 and biomolecules59 onto 
the sidewalls of CNTs. One of the advantages of noncovalent functionalization of CNTs 
is that the attachment does not affect the electronic network of the tubes. Noncovalent 
functionalization is based on van der Waals interaction or 71-71 stacking.60 
Zhu et al.6i reported the interaction between SWNTs and highly charged 
nanoparticles such as Zr02- These charged nanoparticles help to stabilize SWNT 
dispersions. This stability comes from the interaction between SWNTs and charged 
nanoparticles. The dispersed SWNTs can be anchored on pyrene-Si/Si02 surface 
enhance the dispersion of CNTs in aqueous solution up to single tube level, which is 
confirmed by atomic force microscopy (AFM) and UV-vis-NIR. 
1.8 CNT-Polymer Composites 
The desirable mechanical properties of CNTs make them an ideal material for 
strengthening polymer matrices. Therefore, CNT-polymer composites have potential 
applications in aerospace science, where lightweight materials are required. 
The high performance of CNT-polymer composites depends on efficient load 
transfer from the polymer to the CNT. The load transfer in turn depends on the existence 
of a homogenous dispersion of CNTs in the polymer, and strong interfacial bonding 
between CNTs and the polymer. Numerous methods have been reported to increase the 
dispersion and interfacial bonding between the two components. For example, 
surfactants help the dispersion of CNTs in polymer matrix, and chemical 
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functionalization of the CNTs increase the interfacial bonding between the two 
components. 
Physical mixing of CNTs and polymers has been carried out by heavy sonication 
or high shear mixing. Smalley's groups first published the polymer functionalization of 
zT-3 
single-wall CNTs. Polymers such as poly (vinyl pyrrolidone) (PVP) or polystyrene 
sulfonate were used to functionalize single wall CNTs. These polymers disperse 
uniformly along the sides of single wall CNTs and lead to reduction of van der Wals 
attraction between nanotubes and consequent de-bundling of the SWNTs. This increases 
the solubility of CNTs in aqueous solvent and allow single wall CNTs to be introduced to 
biological systems. Different kinds of CNT-polymer composites have been made, such 
as epoxy composites, acrylates and hydrocarbon polymers. 
1.8.1 Epoxy Composites 
CNT-epoxy composites have been widely studied among different groups. Gong 
and coworkers studied the interfacial bonding of CNT/epoxy resin composites in the 
presence of surfactants.64 By adding only 1% (by weight) of CNTs with surfactant into 
the composites, the glass transition increased from 63°C to 88°C and the elastic modulus 
increased by 30%. However, CNTs without surfactant could only moderate the glass 
transition and mechanical properties. Goyny et al.65 treated MWNTs with oxidizing 
inorganic acids such as a mixtures of H2SO4 and HNO3 to remove impurities from the 
CNTs. Thus oxidized MWNTs were then refluxed with triethylenetetramine to attach 
amino derivatives to carboxylic groups through ionic functionalization. The 
functionalized CNTs were sonicated with epoxy resin and were characterized by 
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transmission-electron microscopy (TEM). Functionalized CNTs become more de-
bundled and interact with epoxy resin than intact ones. 
1.8.2 Acrylates 
CNTs and poly (methyl methacrylate) (PMMA) can be mixed in solution using 
ultrasonication. The resulting solid PMMA exhibits improved thermal stability and 
electric conductivity. Haggenmueller and coworkers66 dispersed SWNTs in PMMA 
using solvent casting and melt mixing. The resultant CNT composites have better 
mechanical and electrical properties with extraordinary nanotube alignment. Another 
group67 used coagulation method to produce CNT-PMMA composites. These CNTs-
PMMA composites showed better elastic modulus, thermal stability as well as electric 
conductivity. Scanning electron microscopy (SEM) and optical microscopy confirmed 
better dispersion of SWNTs in the PMMA matrix. Jin et a/.68 studied MWNT-PMMA 
composites in the presence of poly (vinylidene fluoride). Prior to the melt blending of 
MWNTs and PMMA, the CNTs were sonicated in dimethylformamide in the presence of 
poly (vinylidene fluoride) (PVDF). PVDF acts as a glue which attaches to the surface of 
CNTs and increases the interfacial adhesion between MWTNs and PMMA. Because of 
this adhesion, the CNT- PMMA composites showed significant improvement in 
mechanical behavior and storage moduli - i.e. ability to store energy in elastic 
deformation. It was found that for composites to have good storage moduli, they needed 
to contain 0.5% PVDF by weight beyond which PVDF lead to reduction in storage 
moduli. 
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1.8.3 Hydrocarbon Polymers 
CNTs have been dispersed in different hydrocarbon polymers such as 
polystyrene, polypropylene, and polyethylene. Dalmas and coworkers69 prepared 
nanocomposites containing poly (styrene-co-butyl acrylate) as a matrix and MWNT. To 
improve the dispersion of MWNTs in composite, they used an anionic surfactant such as 
sodium dodecyl benzene sulfonate (SDBS). To confirm the homogeneity of the 
composite, they performed TEM. This nanocomposite showed good mechanical 
behavior such as thermo-mechanical stability and mechanical reinforcement. MWNTs-
poly (styrene-co-butyl acrylate) composites also exhibited good electrical conductivity. 
Barraza and coworkers dispersed SWNTs in a styrene monomer solution, and then 
introduced the mixture to polymerization under so-called 'mini emulsion' condition. Two 
types of cationic (ceyltrimethyl ammonium) and anionic (sodium dodecyl sulfate) 
surfactants were used to emulsify hydrophobic monomers. These two types of 
surfactants yielded polymers with the same characteristics. Raman spectroscopy was 
cited as confirming the strong interaction between CNTs and polymers. 
1.9 Grafting of Polymers 
CNTs can also be covalently linked to the polymer. This method is more 
important because the resultant structures are more robust at higher temperature 
compared to structures made by non-covalent attachments. On the other hand, polymers 
have long chains which help to disperse the CNTs in a variety of organic and aqueous 
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solvents. Covalent attachment of polymers onto the sidewalls of CNTs is divided into 
two main methods. These are "grafting to" and "grafting from." 
1.9.1 "Grafting To" Method 
"Grafting to" is a method in which polymers, synthesized with specific end 
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groups and molecular weights, are attached on the sidewalls of CNTs. "Grafting to" 
produces well-controlled polymer chains based on the grafting steps, but with low density 
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of functionalization due steric effects. Qin et al. functionalized SWNTs with 
polystyrene (PST) by a "grafting to" method employing a cycloaddition reaction (Figure 
1.10). They synthesized PST-N3 (by atom transfer radical polymerization of styrene with 
end group transformation to N3) to which they added CNTs. They characterized the 
functionalized SWNTs with Raman and near-IR spectra, both of which showed the 
covalent attachment of PST to the sidewalls of CNTs. TGA results indicated that just one 
in every 48 carbon atoms of SWNTs was functionalized with polymer. 
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Figure 1.10. "Grafting to" approach for nanotube-polystyrene composites. 
Reprinted with Permission from (Qin, S.; Qin, D.; Ford, T. W.; Resasco, E. D.; 
Herrera, E. J. Macromolecules 2004, 37, 752-757). Copyright (2008) American 
Chemical Society. 
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1.9.2 "Grafting From" Method 
"Grafting from" is a method in which polymer precursors are covalently attached 
on the surface of CNTs and propagation of polymers occurs on the surface of CNTs.73 
"Grafting from" has a higher functionalization degree on the surface of CNTs compared 
to the "grafting to" method , but to characterize the polymer chains, they must be cleaved 
from the surface of CNTs. Qin et al. studied the reaction in which polystyrene 
sulfonate (PSS) is grafted from CNTs by reaction of the vinyl monomer with CNTs in 
solution. Polymerization was carried out in situ via radical initiation (Figure 1.11). In 
this method, the incipient negatively charged polymer is believed to aid in the dispersion 
of the functionalized CNTs product in aqueous solvent. The functionalized CNTs was 









74 Figure 1.11. "Grafting from" a polyelectrolyte by an in situ process. 
Reprinted with Permission from (Qin, S.; Qin, D.; Ford, T. W.; Herrera, E. J.; 
Resasco, E. D.; Bachilo, M. S.; Weisman, B. R. Macromolecules 2004, 37, 3965-
3967). Copyright (2008) American Chemical Society. 
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1.10 Carbon Nanotube Characterization 
The most common and effective methods to characterize the degree of 
functionalization and diameter of CNTs include Raman spectroscopy, near IR/UV-Vis, 
thermogravimetric analysis (TGA), and X-ray photoelectron spectroscopy (XPS). 
1.10.1 Raman Spectroscopy 
Raman spectroscopy can be used to detect the presence of sp hybridization 
within the CNTs, such as that which occurs when covalent attachment of functional 
groups takes place. Raman spectra reveal three modes: The first is the radial breathing 
mode (RBM) between 100 cm"1 and 350 cm"1. This mode is a diameter-dependent mode 
and indicates the diameters of SWNTs. The second is the tangential mode (G band) 
between 1500 and 1600 cm" which is characteristic of graphitic (sp carbon). The third 
is a disorder mode (D band) that is characteristic of sp hybridization , and which appears 
between 1200 cm"1 and 1350 cm"1. The intensity of the D band relative to the G band is 
related to covalent functionalization of the sidewalls of the CNTs. More functional 
groups attached to the surface of CNTs gives a higher D/G ratio. Raman spectroscopy is 
the most important confirmatory tool for identifying the covalent functionalization of 
SWNTs. Raman spectra of Figure 1.12 show the D/G ratio was increased by attaching 
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75 Figure 1.12. Raman spectrum from covalent functionalized CNTs. 
Reprinted with Permission from (Belin, T.; Epron, F. Mater. Sci. eng., B 2005,119, 
105-118). Copyright (208) Elsevier 
1.10.2 FTIR and UV-Vis Spectroscopy 
The absorption spectrum of pristine SWNTs shows small peaks in the NIR, known as van 
Hove singularities, near 1400 nm and 800 nm. Covalent functionalization of CNTs 
disrupts the electronic state of SWNTs, which causes these transitions to disappear. 
Figure 1.13 shows the spectra of pristine SWNTs compared to functionalized CNTs. The 
complete loss of singularities is associated with high degree functionalization.7 
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Figure 1.13. Illustrates the loss of electronic transition structure on functionalization: 
a) pristine SWNT, b) aryl diazonium salts functionalized SWNT.42 
Reprinted with Permission from (Bahr, L. J.; Yang, J.; Kosynkin, V. D.; Bronikowski, J. 
M.; Smalley, E. R.; Tour, M. J. J. Am. Chem. Soc. 2001,123, 6536-6542). Copyright 
(2008) American Chemical Society. 
1.10.3 Thermogravimetric Analysis (TGA) 
The degree of functionalization of the CNTs after removal of the impurities and 
unattached polymers or functional groups is identified by TGA. From room temperature 
to 800°C under argon, pristine CNTs remain intact. However, pendant groups such as 
polymer decompose. Thus the weight fraction of attached groups on the surface of CNTs 
can be taken from the weight loss of polymers or functional groups attached to the 
CNTs.77 Figure 1.14 illustrate the TGA graph of HiPCO SWNTs functionalized by 
octadecyl groups in the presence of benzoyl peroxide and alkyl iodides. TGA graph in 
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Figure 1.14. TGA in air of octadecylated HiPCO SWNTs. The flow rate is 100cm3/min 
and the heating rate is 5°C/min.77 
Reprinted with Permission from (Sadana, K. A.; Liand, F.; Brinson, B.; Arepalfi, S.; 
Fargat, S.; Hauge, H. R.; Smalley, E. R.; Billups, E. W. J. Phys. Chem. B 2005,109, 
4416-4418). Copyright (2008) American Chemical Society. 
1.10.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS gives element-specific information for atoms located within about the first 
nanometer of a sample surface. For the characterization of CNTs a dispersion of 
modified CNTs may be analyzed and those non-carbon atoms grafted to the surface of the 
tubes will yield a unique signature in the form of photoelectrons with a kinetic energy 
equal to the x-ray energy minus the atomic binding energy. Furthermore, because of the 
very short mean free path of electrons in the sample, photoelectrons may be assumed to 
originate from atoms lying exclusively on the sample surface. The XPS method 
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measures on the distinction between core electron binding energy and relates it to 
element identity and binding. In this work the so-called survey scan mode is used 
wherein a wide range of electron energies are analyzed so as to provide a fairly 
comprehensive map of elements present on the sample surface. Binding energy ranges 
from about 10 eV (near the Fermi level) to 1000 eV are examined. 
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Figure 1.15. XPS spectrum of CNTs.78 
Reprinted with permission from (Fu, R.; Zheng, B.; Liu, J.; Weiss, S.; Ying, Y. J.; 
Dresselhaus, S. M.; Dresslhaus, G.; Stacher, Jr. J.; Baumann, T. J. appl. Polym. Sci. 
2004, 91, 3060-3067). Copyright (2008) John Wiley and Sons, Inc. 
Analysis of XPS data to yields the relative elemental concentrations only because 
the absolute X-ray intensity and absolute electron flux are hard to determine. For 
example, Figure 1.15 shows the presence of oxygen and carbon on the surface of CNTs.71 
As shown in the figure, oxygen has binding energy around 532 eV and carbon has 





Chapter 2: Maleic Anhydride Modification of Carbon Nanotubes 
2.1 Introduction 
As noted in chapter 1, since the discovery of CNTs in 1991 by Iijima, they have 
received tremendous attention due to their optical,80 mechanical, 81thermal,82 and 
electronic properties. Electronic properties of CNTs make them good candidates for 
use in molecular devices. But all of these important CNTs applications depend on the 
surface chemistry of the CNTs in some way. Due to the strong CNT-CNT interactions, 
pure CNTs pack into bundles and have poor solubility in various solvents, which hinders 
further application. Numerous efforts have been made to modify CNTs to give them new 
physical and chemical properties, e.g. increased solubility, higher chemical reactivity, 
and greater compatibility with polymers. 
Chemical functionalization can be divided into two categories, covalent and non-
covalent. Covalently functionalized CNTs are more stable, because of the stronger bonds 
between functional groups and sidewalls of CNTs. Examples of covalent 
functionalization include fluorination, 5 addition of azomethine ylides, diazonium 
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salts, carbene, nitrenes, and radicals. 
Of particular relevance to this work is the Diels-Alder reaction, which has also 
been reported.91 Diels-Alder CNT modifications reported to date are based on the 
reaction between CNTs as dienophile and different cyclic diens.92 The Diels-Alder 
reaction can be accelerated by elevated pressure and catalysts. For example, to increase 
the electrophilicity of CNTs as dienophile, Cr(Co)6 has been attached as a catalyst to the 
surface of CNTs.93 
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In this chapter we describe experiments we have done that demonstrate the 
attachment of maleic anhydride groups to the surface of both SWNTs and MWNTs. 
These reactions are analyzed spectroscopically and are shown to dramatically improve 
the solubility of CNTs in a range of solvents. 
2.2 Two Suggested Maleic Anhydride Reaction Mechanisms 
We propose two possible mechanisms to explain the observed reactivity between 
maleic anhydride and CNTs: i. a Diels Alder reaction, in which the CNTs acts as diene 
and maleic anhydride as dienophile (Scheme 2.1); ii. and a ring opening mechanism 
wherein maleic anhydride attaches to hydroxyl groups on the CNTs surface (Scheme 
2.2). Our hypothesis is based on the structure of both CNTs and maleic anhydride. 
CNTs have extensively conjugated double bonds and therefore a large number of n-
electrons that may donate electron density.94 Maleic anhydride has two carbonyl groups 
which are strongly electron withdrawing. These carbonyl groups make the C=C bond of 
maleic anhydride relatively electron-deficient and therefore an effective dienophile for 
the relatively electron-rich CNTs. At present, we cannot conclusively determine which 
mechanism occurs but we present evidence that maleic anhydride does indeed couple to 
the CNTs surface. Characterization methods such as XPS, TGA, solubility, and Raman 
spectroscopy confirm the attachment of maleic anhydride on the surface of CNTs. 
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Scheme 2.2. Ring opening mechanism. 
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2.3 Experimental Section 
2.3.1 Materials 
SWNTs were produced by HiPCO process at Rice University and purified by a 
"soft bake" procedure at NASA Johnson Space Center (JSC).95 MWNTs were purchased 
from Cheaptubes, Inc.; the tubes typically have an outer diameter 20-30 nm and purity 
above 95%. All other reagents were purchased from Aldrich Inc. 
2.3.2 Synthesis of Maleic Anhydride Attached MWNTs 
All reactions with MWNTs were conducted in 20 ml TV-methyl 7-2-pyrimidinone 
(NMP) for 48h and with 50 mg of MWNTs. The amounts of maleic anhydride and 
reaction temperatures were systematically varied to find optimal reaction conditions. In a 
typical reaction, 50 mg of MWNTs and 20 ml NMP were added into an oven-dried two-
neck flask. The resulting suspension was stirred for 10 min, degassed by sonication for 
1.5h, followed by the addition of maleic anhydride. The subsequent reaction mixture was 
bubbled with argon for 10 min before being immersed in an oil bath and heated for 48h 
with stirring under argon atmosphere. Work-up consisted of filtering the CNTs product 
through a PTFE membrane filter and repeated washing with dimethyl formamide (DMF). 
The product was dried in a 70 °C vacuum oven. 
2.3.3 Synthesis of Maleic Anhydride Attached SWNTs 
All reactions with SWNTs were conducted in 20 ml NMP for 72h with 30 mg 
SWNTs. All other operations follow the above procedure for MWNTs in 2.3.2. 
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2.3.4 Solubility Study 
Either 1 mg pristine SWNTs, pristine MWNTs, or functionalized product was 
suspended in 4 ml of solvent and sonicated for 3h. Vials were subsequently kept 
undisturbed for over a month before pictures were taken. 
2.3.5 Characterizations 
XPS spectra were obtained on a Surface Science Model 150 XPS spectrometer 
equipped with an Al Ka source, quartz monochromator, concentric hemispherical 
analyzer, and a multi-channel detector. The pressure in the analytical chamber during 
© 
analysis was 5 x 10" torr. A takeoff angle of 35° from the surface was used. The survey 
scans (E < 1000 eV binding energy) were recorded with a spot size of 250 x 1000 \im. 
Each survey spectrum was obtained after 10 scans. Raman spectra were obtained from 
solid samples with the excitation wavelength of 633 nm on a dispersive Renishaw 
Ramascope Raman Spectrometer used with a CCD. Thermogravimetric analysis (TGA) 
was measured under Argon on a Perkin Elmer thermogravimetric analyzer (Pyris 1 TGA) 
with a heating rate of 20 °C/min. 
2.4 Results and Discussion 
2.4.1 Reaction of MWNTs with Maleic Anhydride 
2.4.2 Solvent Effect 
Table 2.1 summarizes the reaction with maleic anhydride of three portions of 
MWNTs (labeled M-l to M-3, Table 2.1) in NMP, DMF, and chlorobenzene. Other 
factors such as the reaction time (48h), temperature (150 °C) and concentration of maleic 
anhydride (0.075 g/ml) were kept constant. Based on XPS, reaction in NMP was more 
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efficient, i.e. yielded the highest percent of oxygen (9.8%), than reaction in DMF and 
chlorobenzene (4.7% and 4.5% respectively). These results suggest that NMP is a better 
solvent than DMF and chlorobenzene for this reaction. 

















2.4.3 Effect of Maleic Anhydride Concentration on Reaction Extent 
Figure 2.1 summarizes the results from XPS of four functionalized MWNTs 
products obtained by varying the concentration of maleic anhydride (0.025 g/ml to 0.300 
g/ml). Other conditions such as temperature (150 °C), solvent (NMP), and reaction time 
(48h) were kept constant in all four samples. XPS was obtained on pristine MWNTs to 
compare functionalized and unfunctionalized MWNTs. Compared to unfunctionalized 
MWNTs, the functionalized MWNTs show a significant increase in 0% (measured by 
XPS with 10 survey scans), which indicates the presence of maleic anhydride on the 
CNTs. By increasing the concentration of maleic anhydride from 0.025 g/ml to 0.15 
g/ml, the 0% increases from 3.7% to 9.8%. However, with further increase in 
concentration of maleic anhydride (0.3 g/ml), 0% apparently decreases to 8.8%, which 
suggests that the maximum amount of oxygen that can be attached on the sidewall of 
CNTs is -9% (one oxygen atom per four carbon atoms). 
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Figure 2.1. Dependence of MWNT oxygen percent on maleic anhydride concentration. 
According to solicited 'pessimistic' manufacturer esimates, run-to-run error in oxygen 
percent by XPS may be as high as 15%. Our results using pristine MWNT and SWNT 
samples as controls indicate a much more favorable error level as all such samples 
analyzed yielded less than 1% oxygen. O-percentage trends are thereby deemed 
qualitatively informative, but absolute interpretations need to be made with caution. 
2.4.4 Effect of Temperature on Reaction Extent 
Figure 2.2 summarizes the XPS results of three MWNTs samples (M-8 to M-10 in 
Table 2.3) which were reacted at three different temperatures (100 °C to 188 °C). The 
concentration of maleic anhydride (0.075 g/ml), solvent (NMP), and reaction time (48h) 
were kept constant in all three reactions. Figure 2.2 shows that by increasing the 
temperature from 100 °C to 188 °C, the 0% increases from 2.42% to 7.49%. This 
indicates that the reaction depends on temperature. At higher temperatures, more maleic 
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Figure 2.2. Dependence of MWNT oxygen percent on reaction temperature for maleic 
anhydride coupling reactions. 
2.4.5 Dependence of Reaction Extent on Reaction Time 
Figure 2.3 summarizes three reactions conducted for 24h, 48h, and 72h 
respectively (see Table 2.4) under constant maleic anhydride concentration (0.075 g/ml), 
solvent (NMP), and temperature (150 °C). Based on Graph 3.2, XPS result shows that by 
increasing the reaction time from 24h to 48h, the oxygen percentage increased modestly 
from 6.6% to 9.9%, but from 48h to 72h, 0% only increased slightly (from 9.9% to 
10.4%)). In summary, 48h of reaction with 0.15 g/ml maleic anhydride at 200 °C appear 
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Figure 2.3. Dependence of MWNT oxygen percent on reaction time in maleic anhydride. 
2.5 Characterization 
Table 2.2 shows a summary of four reactions (M-4, M-5, M-6, and M-7) and the 
following sections cover different analysis, which were done on these reactions. 





















The attachment of maleic anhydride to MWNTs makes a drastic change in their 
solubility relative to unfunctionalized precursors (Figure 2.4). Due to the strong 
hydrophobicity of unfunctionalized MWNTs, they are completely insoluble in polar 
solvents such as water, isopropanol and ethylene glycol (Figure 2.4), but are slightly 
soluble, perhaps as dispersions of MWNTs aggregates, in non-polar solvents such as 
toluene. 
a b 
" • MWNT M-4 M-5 M-7 "*• MWNT M-4 M-5 M-7 
c. 
MWNT M-4 M-5 M-7 
Figure 2.4. From left to right, 1 mg of pristine MWNTs, M-4,M-5 and M-7 in 4 ml of 
(a) toluene (b) water (c) isopropanol and (d) ethylene glycol. The pictures were taken two 
weeks after initial suspension in solvent with sonication. 
Figure 2.4a demonstrates that pristine MWNTs disperse well under sonication in 
toluene and remain in solution according to their appearance in solution after two weeks 
of settling time. In contrast the solubility of maleic anhydride-unfunctionalzied MWNTs 
in toluene (M-4, M-5, and M-7, Table 2.2) is undetectable or dramatically lower. In fact, 
n 
MWNT M-4 M-5 M-7 
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given a two-week settling period following sonication, maleic anhydride functionalized 
MWNTs were all found to be fully precipitated in toluene. Furthermore, maleic 
anhydride derivatization evidently makes MWNTs soluble in water and polar organic 
solvents; all four functionalized CNT samples (M-4, M-5, and M-7, Table 2.2) yield 
black solutions in water (Figure 2.4b), isopropanol (Figure 2.4c), and ethylene glycol 
(Figure 2.4d), and no black residue was found at the bottom of the vials even after two 
weeks of settling. This pattern of results strongly suggests a dramatic transformation of 
the effective polarity of the MWNTs surface by reaction with maleic anhydride. These 
observations strongly support the XPS data on reaction extent, suggesting that the maleic 
anhydride-attached MWNTs are polar and may possess some amphiphilic character. 
2.5.2 X-ray Photoelectron Spectroscopy 
Figure 2.5 contrasts XPS results from pristine MWNTs with those from three 
reaction products M-4, M-5, and M-6 (Table 2.2), prepared with increasing 
concentrations of maleic anhydride, 0.025 g/ml, 0.075 g/ml, and 0.30 g/ml, respectively. 
The oxygen signal appears at 540 eV, and the carbon signal at 230 eV. These XPS 
survey spectra clearly illustrate the correlation between the concentration of maleic 
anhydride and 0% on the surface of MWNTs and support the conclusion that maleic 
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Figure 2.5. XPS results of three reactions (M-4, M-5, and M-6) compared with pristine 
MWNTs. 
2.5.3 Thermogravimetric Analysis 
Thermogravimetric Analysis (TGA) is an analytical technique that measures the 
weight loss of material as a function of temperature during a ramped heating. TGA is 
relevant to the analysis of derivatized CNTs because covalent attachment of functional 
groups onto the CNT surface disrupts conjugation. Therefore, sp2 must become sp3 in 
order to bond with surface groups. This loss of stabilization lowers the thermal stability 
of functionalized CNTs compared with pristine CNTs. Thus, thermogravimetric analysis 
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Figure 2.6. TGA Graphs (under argon, heating rate: 20 °C/min) of pristine MWNTs 
(blue), maleic anhydride-MWNTs/M-6 (pink), and maleic anhydride-MWNTs/M-5 
(yellow); (a) run in air and (b) under argon. 
Figures 2.6a and 2.6b contrast TGA of pristine MWNTs (blue) with two 
functionalized MWNTs populations M-6/pink (9.9% O), and M-5/yellow (5.4% O) in air 
and in argon atmospheres respectively. The graphs of the two functionalized MWNTs 
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(M-6 and M-5, Table 2.2) in Figure 2.6a show that the weight loss of both functionalized 
MWNTs starts at lower temperatures than for unfunctionalized MWNTs. Similarly, 
comparison of the two functionalized MWNTs (M-5 and M-6, Table 2.2, and Figure 
2.6a) shows that the decomposition of M-6 (pink curve, with 9.8% O) starts at a lower 
temperature (-580 °C) than that for M-5 (yellow curve, 5.4% O) which begins at -615 
°C. Both the lower temperature at which decomposition begins and the more complete 
oxidation are consistent with the above derivatization hypothesis. Similar results were 
observed when TGA experiments were carried out under Ar. Figure 2.6b compares TGA 
results from functionalized (M-5) and pristine MWNTs under Ar. Pristine MWNTs are 
quite stable under these conditions and lose only a small fraction of their mass above 
-600 °C. Functionalized MWNTs (M-5 pink line), in contrast, exhibit a small but 
gradual weight loss that begins at only -150 °C. The dramatically increased stability of 
these molecules in Ar relative to air can be seen in a comparison of their mass remaining 
at 800 °C; in air, even pristine MWNTs have nearly completely decomposed, whereas in 
Ar pristine MWNTs retain 98% and functionalized MWNTs retain fully 95% of their 
original mass. This latter differential weight loss probably corresponds to the 
decomposition of maleic anhydride groups on the surface of MWNTs. 
In summary, MWNTs reactions with maleic anhydride under a variety of 
conditions, including reaction time, temperature, and maleic anhydride concentration, 
were assayed with XPS, TGA, and solubility tests. Results from the above experiments 
are all consistent with the hypothesis that maleic anhydride binds covalently with the 
MWNTs. 
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2.6 Reaction of SWNTs with Maleic Anhydride 
SWNTs were produced by the HiPCO process at Rice University and purified by 
the "soft-bake" procedure at JSC.95 All the reactions below were conducted at 150 °C 
with 30 mg SWNTs in 72h and 20 ml NMP. 
2.6.1 Effect of Maleic Anhydride Concentration on Reaction Extent 
Figure 2.7 shows the increasing oxygen content of SWNT products made at 
different concentrations of maleic anhydride (0.075 g/ml, 0.15 g/ml, and 0.3 g/ml 
respectively). Other factors such as time (72h), solvent (NMP) and temperature (150 °C) 
were kept constant. These XPS results show that the oxygen percentage increases from 
9% to 13% as the maleic anhydride concentration increases from 0.075 to 0.30 g/ml. 
This suggests that the concentration of maleic anhydride dictates to some degree the rate 
of this reaction and strongly supports the idea that the maleic anhydride groups 
covalently attach to these SWNTs similar to the way they attach to the MWNT samples 
discussed above. 
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Figure 2.7. Dependence of SWNT oxygen percent on maleic anhydride concentration. 
2.6.2 Effect of Temperature on Reaction Extent 
Figure 2.8 shows the XPS result of four reactions conducted as a function of 
temperature between 100 and 200 °C in 0.15 g/ml maleic anhydride for 72h in 20 ml 
NMP. XPS results show that by increasing the temperature from 100 °C to 200 °C, the 
O-percentage increases from about 8% to 12%. Clearly higher temperatures drive a more 
extensive reaction. This result is consistent with concentration dependent ones and 
confirms that there is an activated kinetic process by which maleic anhydride attaches to 
the surface of CNTs. 
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Figure 2.8. Dependence of oxygen percent on the surface of SWNTs on temperature for 
maleic anhydride reactions. 
A comparison of the XPS results (Figures 2.2 and 2.8 respectively) reveals that 
the percentage of oxygen is higher in SWNTs than in MWNTs. For example, for 
reactions conducted at 100 °C, the MWNTs exhibit a 2.4% O content but that SWNTs 
reach 8.3% (see Figures 2.2 and 2.5 respectively). This is due in part to the higher 0% 
on pristine SWNTs (3.7%) than MWNTs (0.0%). Oxygen on pristine SWNT is 
presumably due to the acid purification and may serve as attachment points for maleic 
anhydride. 
2.7 Characterization 
Table 2.3 shows a summary of four reactions (S-l, S-2, and S-3) and the 
following sections cover different analyses that were done on these reactions. 
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2.7.1 Solubility Test 
Figures 2.9a and b illustrate the relative solubility of pristine and functionalized 
CNTs (S-l, S-2, and S-3, Figure 2.9, Table 2.3) and pristine SWNTs in ethylene glycol 
and water respectively. All three functionalized samples are soluble in both polar 
solvents, ethylene glycol and water and no black residues appeared in the bottom of vials 
even after two weeks of quiescence. In contrast pristine SWNTs will disperse in neither 
ethylene glycol nor water. These observations are consistent with the covalent maleic 
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Figure 2.9. From left to right: unfunctionalized SWNTs, S-l, S-2, and S-3 in (a) 
ethylene glycol and (b) water. 
2.7.2 X-ray Photoelectron Spectroscopy 
Figures 2.10a and 2.10b demonstrate that the two reactions (S-2 and S-3, Figure 
2.10, Table 2.3) conducted with two different concentrations of maleic anhydride (0.15 
g/ml and 0.30 g/ml respectively) and compared with pristine SWNTs (10.2c). As shown 
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Figure 2.10. XPS survey scan illustrating 0% on SWNTs and derivatized populations 
prepared as a function of maleic anhyride concentration. 
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2.7.3 Raman Spectroscopy Analysis 
The ratio of the D and G band intensities in Raman spectra of CNTs give insights 
that directly reflect the number of sp carbon atoms - these atoms may be considered 
'defects' as they derogate from the otherwise all sp2 hybridization of the graphene CNTs. 
These defects are also an expected consequence of the covalent reaction of the CNTs 
graphene surface with maleic anhydride or other molecules. 
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Figure 2.11. Raman spectra of functionalized and pristine SWNT films. 
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Figure 2.12. Correlations between Raman spectroscopic and XPS results. 
Figures 2.1 la-2.1 lc compare spectra of derivatized SWNTs from each reaction 
with pristine SWNT. The D/G ratios are summarized in Table 2.3. The D/G ratio clearly 
correlates well with 0% obtained by XPS and as noted earlier both metrics coincide 
nicely with the concentration of maleic anhydride reacted with SWNTs (Figure 2.12). 
Pristine SWNTs show the smallest D/G ratio (0.07 Table 2.3). Sample S-3, which was 
reacted with 0.3 g/ml maleic anhydride, shows the highest D/G ratio (0.200 ± 0.007 Table 
2.3) and has 13.4% O from XPS. Samples S-l and S-2 in Table 2.3, and Figure 2.1 la - b 
have very similar 0% and D/G ratios. This illustrates the correlation between these the 
vibrational {i.e. Raman) characteristics and the O-content derived from XPS data (Figure 
2.12). Unfunctionalized SWNTs have the lowest D/G (0.07, Table 2.3); and 
functionalized SWNTs have a highest D/G ratio compared to unfunctionalized SWNTs. 
Figures 2.1 la-2.1 lc compare the Raman spectra of S-l, S-2, and S-3 respectively with 
pristine SWNTs. These spectral results lend important support to the overall hypothesis 
of maleic anhydride reactivity with the SWNTs sidewall. Since the D/G band ratio is 
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sensitive to the presence of sp carbons on the SWNTs surface, such shifts cannot be 
ascribed to reaction with pre-existing sp3 carbons such as might exist at the tube ends or 
less-so on the sidewall. 
2.7.4 Thermogravimetric Analysis 
Figure 2.13a illustrates the decomposition of pristine and functionalized SWNTs 
samples. These SWNTs results are essentially consistent with those from MWNTs 
populations. Decomposition in air is substantial at 400 °C (Figure 2.13a) at which point 
the percentage of original weight for functionalized SWNTs (pink line ) is about 78% but 
about 90% for unfuctionalized SWNTs. As was the case for MWNTs, the maleic 
anhydride functionalization decreased the thermal stability in air at high temperature. 
Notably however, the percent mass loss experienced by both pristine and functionalized 
SWNTs appears at a lower temperature reflecting the overall higher reactivity towards 
atmospheric oxygen of the SWNTs. Such observations are consistent with the relatively 
greater number of both pre-existing and maleic anhydride-induced sp and other defects 
in these SWNTs populations relative to the MWNTs studied. Such defects would 
naturally interrupt the aromaticity of the CNTs and thereby reduce its thermal stability. 
Figure 2.13b compares the decomposition of functionalized SWNTs and unfunctionalized 
SWNTs in argon atmosphere. As was the case for MWNTs samples, the weight losses 
observed in Ar were much smaller than those in air. The weight loss observed for 
functionalized SWNTs (pink) was gradual and by 800 °C reached about 30% - a value 
consistent with the loss of most maleic anhydride groups. Unfunctionalized CNTs (blue 
line) remain relatively stable in Ar losing only about 5% of their original mass at 800 °C. 
55 








= ^ , 
200 400 600 800 1000 
Temperature (°C) 
1200 
















200 400 600 
Temperature (°C) 
800 
Figure 2.13. TGA graphs of pristine (blue) and functionalized (pink, sample S-3) 
SWNTs, heating rate: 20 °C/min, curves a measured in air and b measured in argon. 
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2.8 Model Reactions to Distinguish Between Diels-AIder and Ring Opening 
Mechanisms on MWNTs 
In the following sections, we describe the reactions that were run with different 
reagents and were intended to discriminate between the two suggested mechanisms of 
maleic anhydride attachment - Diels-AIder and ring opening. 
The Diels-AIder mechanism occurs in one-step with a cyclic flow of electrons and 
involves the addition of a diene molecule to a dienophile. For the reaction to take place, 
the reactants have to approach each other with new bonds forming as a result of overlap 
of 7i-electron clouds. According to Frontier molecular orbital theory, the Diels-AIder 
reaction depends on the interaction between the electron-rich diene's highest-occupied 
molecular orbital (HOMO) and the electron-poor dienophile's lowest-unoccupied 
molecular orbital (LUMO). The Diels-AIder reaction is more efficient when the energy 
difference between the two orbital is small, since the activation energy is low. The 
decrease of activation energy and the energy difference between the two orbitals are due 
to the electron deficiency nature of the dienophile. The reaction is facilitated by electron-
withdrawing groups on the dienophile, because it will lower the energy of the LUMO. 
Good dienophiles often bear one or two of the following substitutes: CHO, COR, COOR, 
CN, Ph. In contrast, the more electron rich the diene component the more reactive it is. 
In our study, maleic anhydride has strong electron withdrawing carbonyl group which 
makes the 71-orbitals of maleic anhydride more electron-deficient and should increase the 
likelihood of Diels-AIder type reactivity with electron-rich CNTs. This fact however 
does not exclude the ring opening mechanism. 
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In order to further distinguish between the Diels-Alder and ring-opening 
attachment mechanisms, two alternative reactants that are structurally similar to maleic 
anhydride but that lack some or all facility for Diels-Alder reaction were studied. The 
alternate reactants are shown above in Table 2.4. 
Table 2.4. Summary of XPS results for maleic, citraconic and succinic anhydride 
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The first reactant, citraconic anhydride, is simply a methylated version of maleic 
anhydride, but bearing the methyl group in a ring location that should sterically hinder 
and thus dramatically reduce reactivity via the Diels-Alder addition. Similarly, succinic 
anhydride is simply a saturated analog of maleic anhydride that entirely lacks Diels-Alder 
reactivity, but which should have ring-opening reactivity comparable to that of maleic 
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anhydride. Reactions with these maleic anhydride analogs were conducted similarly to 
those with maleic anhydride, i.e. for 48h in NMP (20 ml and 0.075 g/ml reactant) and at 
150 °C. XPS results clearly indicate that more maleic anhydride has attached to the 
CNTs (M-l 9.9% O) than either citraconic- (3.9%) or succinic-anhydride (1.9%). 
The substantial reductions in reactivity for both analogues, and the relatively 
greater suppression observed for citraconic anhydride clearly suggests that the Diels-
Alder route may be operative in the maleic anhydride addition. But a question remains as 
to how succinic anhydride may be coupling since MWNT samples present no detectable 
oxygen signal by XPS, and pendent oxygen is needed to couple via this mechanism. 
Reflux conditions alone seem unlikely to yield enough oxidation to promote the ring-
opening given the high oxidative stability of the CNTs toward thermal oxidation. Further 
experiments including controls are called for in this case. At this juncture we are forced 
to conclude that the residual coupling to succinic anhydride is either due to a ring-
opening mechanism mediated by superficial OH groups either originally present but 
undetected by XPS or from OH groups formed during the 48h, 150 °C reaction in NMP 
via reaction with trace oxidants, perhaps O2. It appears that likely that both ring opening 

































Figure 2.14. XPS survey showing oxygen percentage of succinic anhydride reacted 
MWNTs. 
2.9 Further Model Reactions to Distinguish Between Diels-Alder and Ring Opening 
Mechanisms, and Using SWNTs 
In this study, as in the preceding one, reactant alternatives were compared to maleic 
anhydride to help discriminate between the Diels-Alder and ring opening mechanisms, 
but this time employing SWNTs samples. Succinic anhydride was again used to 
exclusively measure ring-opening reactivity, and a new reactant 4-phenyl-i, 2, 4-
triazoline-3,5-dione (PTZD) was used to measure Diels-Alder only reactivity. The PTZD 
is a both a potent dienophile (due to the N=N double bond flanked by carbonyl carbons) 
and not prone to reaction via the ring opening mechanism with OH groups on the surface 
of CNTs. As an added benefit, nitrogen from PTZD can be detected by XPS and thus 
provides a confirmatory XPS signature of the functionalization reaction. 
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Table 2.5 summarizes the reactions carried out on the surface of SWNTs to 
distinguish the two mechanisms. The reactions of maleic anhydride and succinic 
anhydride (0.15g/ml)were carried out for 72h in NMP and at 150 °C. Reactions with 
PTZD (0.003g/ml) were carried out for 72h in chlorobenzene and at 80 °C. PTZD is 
thermally labile and readily decomposes at high temperature and evidenced by loss of its 
red color. To avoid decomposition, it was reacted at relatively low temperature and in 
unreactive aromatic solvents such as benzene and chlorobenzene. XPS results (See 
Table 2.5) indicate that both succinic anhydride and PTZD attached to the SWNTs. In 
the case of succinic anhydride this must be due to ring-opening reactivity with the -4% 
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pre-existing superficial OH on the SWNTs surface. In the case of PTZD however XPS 
results again confirm a substantial reactivity yielding a product with roughly 4% oxygen 
and 2% nitrogen - values consistent with the addition of a small amount of oxygen (two 
O-atoms per PTZD) and slightly more nitrogen (three N-atoms per PTZD), and most 
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Figure 2.15. XPS survey results for (a) pristine and (b) ¥-phenyl-i, 2, 4-triazoline-3, 5-
dione derivatized SWNT. 
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Figure 2.15 shows the XPS result from the reaction between PTZD and SWNTs 
and compared with unfunctionalzied SWNTs. The presence of nitrogen peak around 430 
eV confirms the reaction between PTZD and SWNTs. 
As was the case in the MWNTs study, the above results suggest that the two attachment 
mechanisms (Scheme 1.2 and Scheme 2.2) compete with each other and support the 
hypothesis that maleic anhydride is indeed covalently bound to CNTs in these studies. 
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2.10 Conclusion 
In summary, we have described a method to attach maleic anhydride onto the 
sidewall of both MWNTs and SWNTs - such derivatization increases the solubility of 
these CNTs in various polar organic and aqueous solvents and opens the door to broad 
CNT applications. The attachment of maleic anhydride was confirmed by data from 
XPS, Raman, and TGA. As noted above, the functionalized CNTs revealed good 
solubility in aqueous and various organic solvents. Even after one month, no 
precipitation was observed in solutions of the derivatized CNTs materials. Raman 
spectroscopy confirmed the derivatization as evidenced by the higher D/G band intensity 
ratios for derivatized CNTs. TGA results showed that functionalized CNTs were less 
thermally stable than pristine SWNTs, a fact which may be attributed to disruption of the 
extended conjugated structure of pristine CNTs. In subsequent experiments using 
SWNTs, PTZD and succinic anhydride were used to discriminate between the Diels-
Alder and ring opening mechanisms. According to XPS results, succinic anhydride did 
not extensively attach to MWNTs but did attach to SWNTs. Succinic anhydride reacts in 
part via coupling to pre-existing oxygen on the SWNTs surface via a ring-opening 
mechanism, but may also promote other reactivity in the reaction conditions studied. 
This, coupled with the fact that succinic anhydride cannot undergo Diels-Alder coupling 
clearly suggests a role for the ring-opening mechanism in these cases. On the other hand, 
XPS results show both O and N addition in reactions with PTZD which presumably 
reacts only via a Diels-Alder route. Therefore, for molecules that can undergo Diels-
Alder reactions this mechanism can be operative and one must assume that this is also the 
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case for maleic anhydride. Therefore, the attachment of maleic anhydride to SWNTs is 
evidently by a combination of Die! s-Alder and ring opening of anhydride. 
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Chapter 3: Water-Soluble Single Walled Nanotubes Prepared by Two-Step 
Phenylation-Sufonation Reactions 
3.1 Introduction 
CNTs exhibit many unique mechanical and electrical1 properties. They have 
low weight, high strength and high aspect ratio. One drawback of CNTs is that they are 
very hydrophobic and have a tendency to aggregate into bundles.101 This causes CNTs to 
have poor solubility in different aqueous and organic solvents. Furthermore, CNTs are 
chemically inert and difficult to characterize on the molecular level. Therefore, covalent 
functionalization of CNTs, while nontrivial is essential to their application. As a general 
example, hydrophilic groups may be covalently attached to the CNT-sidewalls, which 
will help CNTs to unbundle and to dissolve in various organic and aqueous solvents.102 
Several methods for the functionalization of SWNTs have been developed that attach 
hydrophilic groups to the sidewall of CNTs such as fluorination , nucleophilic 
substitution,1 1,3 dipolar cycloaddition , 5 and radical reactions.1 One such method 
attaches hydrophilic -SO3H groups covalently to the sidewall of CNTs in a two-step 
reaction based on radical phenylation followed by sulfonation (Scheme 3.1).107 First 
benzoyl peroxide is used as a radical initiator to attach phenyl groups to the sidewall of 
CNTs and then the phenyl groups are treated with fuming sulfuric acid (H2SO4-SO3) to 
form phenyl sulfonated CNTs. To further increase the hydrophilicity of CNTs, the 
phenolsulfonic acid CNTs can be neutralized with sodium hydroxide to generate their 
respective sodium salts. This yields CNTs that are very soluble in hydrophilic solvents 
such as water and that are promising for application in polymer composites. The degree 
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of functionalization, both in phenylation and sulfonation reactions, depends on the 
reaction parameters such as the reaction time, benzoyl peroxide concentration, 
temperature and solvent. Here, we describe detailed studies on the influence of reaction 
parameters on both the phenylation and sulfonation reactions. Characterizations by 
Raman spectroscopy, XPS and TGA are presented in this chapter. 
One of the key parameters governing SWNTs reactivity is tube diameter - smaller 
diameters lead to higher curvatures and increased chemical reactivity. But in this study, 
we used the slightly larger diameter non-HiPCO SWNTs because they are cheaper and 
more abundantly available than HiPCO SWNTs. Part of the rationale for this is that for 
applications in polymer composites, larger amounts of CNTs are needed so cost is an 
important factor as is reaction scale that clearly needs to be increased from the milligram 
laboratory scale. Non-HiPCO SWNTs are produced by a chemical vapor deposition 
(CVD) process and have diameters between 1-2 nm compared to HiPCO SWNTs with 
average diameters less than 1 nm. Therefore, the non-HiPCO variety has larger 
diameters and is expected to be less chemically reactive. 
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•SCfeH 
Scheme 3.1 Functionalization of SWNTs with tandem phenylation and sulfonation 
reactions. 
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Scheme 3.2. Synthesis of sulfonated SWNT salt. 
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3.2 Experimental Section 
3.2.1 Material 
SWNTs were purchased from Cheaptubes Inc. These SWNTs have average 
diameters between 1-2 nm, purity above 90% with D/G ratio of 0.13 +/-0.06. Benzoyl 
peroxide (BPO) with 97% purity, fuming sulfuric acid (28-30%), anhydrous benzene, 
chlorobenzene and toluene were obtained from Sigma-Aldrich Inc. and used as received. 
Concentrated sulfuric acid (96%) used to dilute the fuming sulfuric acid was obtained 
from Kantos. GHP membranes with 0.2 \im pore size were purchased from VWR Inc. 
3.2.2 Phenylation of SWNTs 
SWNTs were added to an oven-dried Schlenck flask and stirred for 5 min, and then 
benzene and SWNTs were added to the flask and the mixture was sonicated for 1.5 h. 
BPO was added and the solution was degassed by bubbling nitrogen through it for 20 
min. The flask containing the solution was then attached to a condenser and heated in a 
oil bath at 80 °C under N2. The reaction product was filtered through the GHP 
membrane and washed with hot toluene. In reactions utilizing high concentrations of 
BPO, the products were sonicated in toluene for one hour, heated at 80 °C for 30 min, 
filtered and washed with hot toluene. 
69 
3.2.3 Sulfonation of Phenylated SWNTs 
Two hundred mg of phenylated SWNT was transferred into an oven-dried 
Schlenck flask and mixed with 80 ml of fuming sulfuric acid (15-20%) . The flask was 
attached to a condenser and stirred under N2 atmosphere while heated in an oil bath at 
100 °C. After 48h, the reaction solution was cooled and poured into a beaker with ice in 
it. The cooled solution was then filtered through GHP filter membrane; the black residue 
on the filter membrane was rinsed with water and dried in a vacuum oven overnight. 
3.2.4 Characterization 
Raman spectra were obtained from solid samples with excitation wavelength 633 
nm on a dispersive Renishaw Ramascope Raman Spectrometer and utilizing a CCD 
1 DR 
detector. Ten Raman spectra were obtained for each sample to provide an average 
D/G ratio and standard deviation (std). 
X-ray photoelectron spectroscopy (XPS) analysis was conducted on a Surface 
Science Model 150 XPS spectrometer equipped with an Al Ka source, quartz 
monochromator, concentric hemispherical analyzer, and a multi-channel detector. The 
pressure in the analytical chamber during analysis was 5x10" torr. A takeoff angle of 
35° from the surface was used. The survey scans (near 1000 eV binding energy) were 
recorded with a spot size of 250 x 1000 [xm. Each survey spectrum obtained was an 
average of 10 scans. Thermogravimetric Analysis (TGA) was measured under Ar on a 
Perkin Elmer thermo gravimetric analyzer (pyris, TGA) with a heating rate of 20 °C/min. 
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3.3 Results and Discussion 
3.3.1 Phenylation Reactions Assessed by Raman and TGA 
One of the more useful methods to characterize the degree of functionalization of 
CNTs is Raman spectroscopy.1 There are two major bands in the Raman spectra of 
CNTs. One is near 1350 cm"1, which is called the D band (defect, sp3 carbon) and the 
-1 0 
other is near 1590 cm" , which is called the G band (graphitic, sp carbon). Defects on 
the sidewall of CNTs, which could arise from either the purification process or from 
functional group attachment onto the sidewall of CNTs, result in an increase in the D-
band intensity. In the case of unfunctionalized CNTs, the D/G ratio provides accurate 
estimate of the degree of defectiveness of the starting materials. 
During the functionalization of CNTs, the distribution of functional groups on the 
sidewall of CNTs could be non-homogenous. That is why in our study, ten spectra from 
ten different spots on the same sample were obtained and averages of D/G ratios are 
shown in all tables with their standard deviations. 
3.3.1.1 Dependence of D/G Ratio on Solvent and Temperature 
In Table 3.1, all the reactions were conducted with 50 mg of SWNT in 30 ml of 
solvent. The starting BPO concentrations for all reactions were maintained at 0.033 g/ml. 
Due to the short half-life of BPO (one hour at 92 °C) and the low reactivity of SWNTs, in 
some cases, a second aliquot of BPO was added to the ongoing reaction to increase the 
degree of functionalization of SWNTs.110 These 'double addition' reactions are 
described in Table 3.1, for reactions 11-13. In these cases 1 g of fresh BPO was added to 
the reactants 20h after the first batch was started. We also employed an alternative 
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solvent, chlorobenzene. Our motivation to try chlorobenzene was in part due to the 
carcinogenicity of benzene. The phenylation reactions that were conducted in 
chlorobenzene were done holding other reaction conditions identical to those done in 
benzene. 



















































0.37 ± 0.09 
0.30 ±0.10 
0.48 ±0.10 
Analysis of reactivity data in Table 3.1 indicate the following: Firstly comparing 
reactions 8 and 9 with 10 indicates that net reactivity in benzene is substantially higher 
than in chlorobenzene. The same trend was also observed for reactions employing the 
double-addition approach (comparing reactions 11 and 12 with 13). This indicates that 
benzene is a better solvent than chlorobenzene for the phenylation reaction. Table 3.1 
also indicates that the reactions employing a single aliquot of BPO (8, 9, and 10) 
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underwent less total reaction than those for which a double-reaction was employed (11, 
12, and 13). This is likely due to the short half-life of BPO under the conditions used just 
one hour at 92 °C. So the second addition of fresh BPO makes further reactants available 
after the initial aliquot has decomposed so more phenyl groups are available to attach to 
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the surface of SWNTs. The temperature dependences can be analyzed by comparing 
reactions 8 and 9 or 11 and 12 in Table 3.1. These results were mixed and showed a 
slightly lower reactivity at higher temperature when a single BPO aliquot was employed 
but a slightly higher reactivity at higher temperature for the double-aliquot experiment. 
This further implicates the BPO stability as being an important determinant in reaction 
extent. 
3.3.1.2 Dependence of Raman D/G Band Ratio on BPO Concentration 
Table 3.2 summarizes Raman results from phenylation reactions done on a larger 
1 07 
scale (200 mg pristine SWNTs, 5-10 times larger than in previous literature reports and 
in benzene). The concentration of CNT was kept at 2 mg/ml. Table 3.2 shows that 
despite increasing the concentration of BPO from 0.04 to 0.16 g/ml the D/G ratio 
remained quite constant. This apparently zero-order kinetic result with respect to BPO 
concentration is likely an artifact of the low solubility of BPO in benzene. Undissolved 
solid BPO was observed in the reaction mixtures, so despite the various consumption 
routes [BPO] was likely approximately constant and equal to that of saturated BPO in 
benzene. 
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D/G ± std. 
0.15 ±0.06 
0.45 ± 0.05 
0.46 ±0.15 
0.45 ± 0.09 
'O concentration and addition protocol. 
3.3.1.3 Dependence of D/G Ratio on Reaction Time 
In Table 3.3, reactions 3-7 were conducted with 100 mg of SWNT (D/G ratio of 
0.15 ± 0.06) in 50 ml anhydrous benzene at 80 °C, with a single addition of BPO. As 
shown in Table 3.3, comparison of reactions 3 and 5 it appears that the net D/G ratios 
nearly doubled between the 8h and 24h reaction times. This is somewhat surprising 
given the expected 1-hour half-life for BPO in benzene and indicates that the radical 
reaction continues for perhaps as long as 24h. 
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D/G ± std. 
0.15 ±0.06 
0.39 ±0.06 
0.35 ± 0.09 
0.30 ±0.12 
0.44 ± 0.06 
0.38 ± 0.04 
0.41 ±0.05 
Table 3.3 (reactions 1-3) also shows that increasing the concentration of SWNTs 
from 0.5 mg/ml to 2 mg/ml correlates to a modest reduction in the D/G ratios from 
0.39±0.06 to 0.30±0.12. Since the D/G numbers do not vary greatly, Student's t-test was 
applied to determine the probability that the difference is significant - this test indicates 
with a 98% probability that this difference is significant. This suggests that the CNT 
concentration may be a limiting factor in functionalization. Taken together the data 
presented in Tables 3.1-3.3 suggest that the D/G ratio achievable via phenylation under 
these conditions is around 0.46. Smaller diameter tubes might push this further as they 
are expected to be more reactive. In summary, the two-batch addition of BPO at 0.04 
g/ml gave the most extensively phenylated CNTs according to their D/G ratio of 0.48. 
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This is lower than previously reported for phenylation of HiPCO SWNTs107 and suggests 
that the larger diameter non-HiPCO SWNTs are less reactive than smaller diameter 
HiPCO SWNTs. Higher curvature misaligns the 7i-orbitals and inducing a local strain 
and consequently increasing the reactivity . 
3.3.1.4 Comparison of Single and Double BPO Addition Experiments 
Figure 3.1 contrasts the Raman spectra of functionalized (80°C / benzene) 
SWNTs by single (blue) and double-additions of BPO (pink). The corresponding D/G 
ratios are summarized in Table 3.4. As shown in Figure 3.1, the double-addition of BPO 
yielded a substantially higher D/G for comparable reaction times. This is consistent with 
the above-noted BPO half-life of only one hour at 92 °C, so this result most likely reflects 
additional reactivity of the second batch of BPO and yields a more extensively 
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Figure 3.1. Raman results for single (blue) and double (magenta) BPO addition 
protocols. D/G ratios are shown in Table 3.4. 
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D/G ± std. 
0.15 ±0.06 
0.36 ± 0.08 
0.48 ±0.10 
3.3.1.5 Illustration of Raman Spectral Results Comparing Reaction Time 
Figure 3.2 contrasts Raman results for reaction times of 0 (black) 8 (blue) and 24 
(red) hours and conditions as noted above. As is evident in Table 3.5, pristine SWNTs 
clearly have the lowest D/G ratio followed by the 8h and 24h reaction products. The fact 
that increasing the reaction time from 8h to 24h so substantially increases the D/G ratio 
indicates that the radical reaction continues well beyond 8h despite the short expected 
half-life of BPO. 
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Figure 3.2. Raman spectra of SWNT products listed in Table 3.5. Pristine (black), 
reaction 3 (blue) and reaction 5 (pink). 
3.3.1.6 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis measures the thermal stability of CNTs in air and 
argon and clearly depends on the degree of functionalization of the SWNTs. This 
dependence is presumably due to the disruption of the conjugated structural integrity of 
the CNT by covalently bound functional groups. This rationale is consistent with data in 
Figure 3.3 which illustrates that phenylated SWNTs (pink line) begin to lose mass 
gradually and at relatively low temperature, and continue to decompose completely at a 
lower temperature than pristine SWNTs (blue line). Details of the phenylation reaction 
used to prepare these specific samples are as follows: 2 mg'mi"1 [CNT], 0.08 mg ml"1 
[BPO] added in three batches. The D/G ratio for this reaction product was 0.44 ± 0.01 
indicating an extensive phenylation. Figure 3.3 also shows a remarkably sharp 
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decomposition profile for the functionalized SWNTs. It is tempting to conclude that this 
may be a result of an unusually homogenous reaction product from the triple-addition 
protocol followed in this case. This is especially true given the very small standard 
deviation of D/G ratios obtained from Raman spectra. This reaction mode deserves 
additional attention and will be the subject of further study. 
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Figure 3.3. TGA results of pristine (blue) and phenylated (pink, reaction 16) SWNT 
products in air (heating rate: 20 °C/min). 
3.3.2 Sulfonation Reactions 
The sulfonation reaction is a secondary step following phenylation that is 
essential to increase the hydrophilicity of the SWNTs product. Through the sulfonation 
reaction, sulfonic acid (-SO3H) groups are attached to the pendant phenyl moieties on the 
SWNTs surface. Under the conditions used pristine SWNTs are not expected to undergo 
sulfonation. For that reason, to a first approximation, the number of SO3H groups will be 
proportional to the number of phenyl groups on the SWNT sidewalls. Therefore in the 
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reactions studied XPS measurements of SO3 (as %S) were monitored as markers of 
reaction extent and examined as a function of sulfonation reaction time, temperature and 
free SO3 concentration in the reaction mixture.11 Control sulfonation reactions with 
pristine SWNTs samples were conducted as well to assess whether reactivity with 



























































































































































































































































































































































































































































































Table 3.6 summarizes reaction conditions, Raman and XPS results for seven 
different sulfonation reactions as well as for the phenylated SWNT starting materials and 
their D/G ratios prior to the sulfonation reaction. The last line of Table 3.6 shows the 
values for pristine SWNT samples for comparison. In this series of reactions the 
previously prepared phenylated SWNTs were used as starting materials and variations in 
the reaction time and fuming sulfuric acid concentrations were explored. In Line 1 of 
Table 3.6, products of reaction 13 (D/G = 0.48) were used as starting material for reaction 
23, which used 15% fuming sulfuric acid for 18h. This sulfonated product had a lower 
D/G ratio than the starting materials, 0.25 ± 0.06 and XPS result showed 1.4% sulfur. 
Reaction 24 was run for an increased time (48h) but otherwise under the same conditions. 
In this case the D/G ratio increased from 0.25± 0.06 (reaction 23) to 0.31± 0.08 and XPS 
results indicated a somewhat higher sulfur content 1.6% (reaction 24). The sensitivity of 
the D/G ratio to the sulfonation reaction is unclear since in some cases sulfonation 
increases and in others it decreases the D/G rations. Inspection of results from reactions 
25-30 indicates a possible role for the initial degree of phenylation of the starting material 
as judged by initial D/G ratio. All of the 48h-reactions with starting materials with D/G 
greater than 0.40 exhibited an increase in D/G upon sulfonation, whereas other reactions 
exhibited either decreased or nearly unchanged D/G following reaction. And these same 
high-initial-D/G reactions also produced highest %S in the sulfonated products. In 
reactions 28 and 30 the fuming sulfuric acid content was increased, but this evidently did 
not yield substantial changes in sulfonation of the products as the %S decreased modestly 
despite the similarity in the starting materials. 
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The maximum %S, 2.8%, was achieved in reaction 27. It is estimated that an 
XPS result of 2% sulfur corresponds to one SO3H group for every 40 carbon atoms on the 
phenylated SWNT surface. This corresponds to approximately one in every 40 carbon 
atoms on the CNT being phenylated, again assuming that each phenyl ring is sulfonated 
just once. In a similar study by Liang et al.107 using HiPCO SWNTs a sulfur percentage 
was obtained that indicated a more extensive sulfonation extent corresponding to about 
one of every 20 carbon atoms being phenylated. This result may be rationalized 
considering the small diameter and thereby greater anticipated reactivity of these HiPCO 
SWNTs. The above results in concert with the control sulfonation reaction that was done 
on the pristine SWNTs (32) and that yielded no detectable sulfur by XPS and a nearly 
unchanged D/G ratio support the general picture of phenylation-sulfonation yielding a 
CNT product is decorated by sulfonated phenyl groups. 
3.3.2.1 G Shifts for Phenyl-Sulfonic Acid Functionalized SWNTs 
The exact frequency of the Raman G-band, characterized as a "G shift" or "AG" 
value, can also be used to examine the degree of functionalization because of its 
sensitivity to charge transfer to and from the SWNTs. For example, strong acids or 
bromine moieties withdraw electrons from the % orbital of the SWNTs and cause the G 
band to shift from its native 1592 cm"1 value to higher frequencies.115 Figure 3.4 
illustrates the AG values that we observed for all of the functionalized CNT products in 
our study. All phenylated SWNTs (16, 17, 28, 29, 5 and 6) show negative AG 
(—5 cm"1), indicative of charge donation by the phenyl group. For the phenyl-sulfonated 
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products the AG results were bimodal - for those with smaller D/G ratios and lower %S, 
AG appeared to be near zero (24, 25, 30, and 32), but for those with larger D/G ratios (28 
and 29), AG appears is positive (~ +5 cm"1). This suggests that it is in this latter high D/G 
group that SO3 functionalization is extensive enough to reverse the net donation of 
electron density afforded by the phenyl group. Notably, the pristine SWNT control that 
was treated with fuming sulfuric acid (32) showed a small negative AG (-1 cm"1), which 
supports the hypothesis that non-phenylated SWNTs do not sulfonate. This is because 
sulfonic acid groups on the SWNTs would be anticipated to act as electron-withdrawing 
groups and therefore up shift the tangential G mode. 














Figure 3.4. G-shift for functionalized SWNTs. 
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In summary, Table 3.6 shows that the %S is weakly correlated to initial D/G ratio 
but uncorrected to reaction time and [SO3] concentration. The correlation between 
larger D/G ratios and %S could be attributed to simply to SWNT surface oxidation or 
sulfonation, but this was not seen in the non-phenylated control (32) in which neither the 
D/G, nor %0 nor %S were observed to reflect significant sulfonation. The above 
supports a picture wherein phenyl moieties are selectively sulfonated by this reaction. 
For sulfonation reactions 27, 28, and 30, which were done with longer reaction 
times and higher [SO3], the D/G ratio increased significantly. This could be attributed to 
defects created during the sulfonation reaction, but only if the phenylated SWNTs were 
more susceptible to wall-sulfonation than pristine SWNT since the control sulfonation of 
pristine SWNTs (32) resulted in neither elevated D/G nor detectable oxygen so the origin 
of this increase in D/G ratio is unclear. 
3.3.2.2 Raman and XPS of Phenylation-Sulfonation Products 
Figure 3.5a contrasts the Raman spectra of products of the phenylation-
sulfonation product (pink, 29), the phenylation product alone (blue, 19) and pristine 
SWNTs (yellow). Phenylation-sulfonation yields a much greater D/G ratio (0.74) than 
does phenylation alone (0.36) compared to pristine SWNT (0.13). This indicates that 
either both phenylation and sulfonation reactions may increase the net sp3 hybridization 
of the SWNT surface or perhaps that sulfonation of the pendant phenyl group impacts the 
D/G ratio for example by increasing the Raman cross section of the D relative to the G 
modes. 
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Figure 3.5b shows Raman results from pristine SWNTs directly reacted with 
fuming sulfuric acid (blue) alongside those of pristine SWNTs (pink). In this control 
reaction (32) where pristine SWNT were reacted with sulfuric acid The D/G ratio of did 
not increase greatly relative to the pristine form. This supports the picture that 
sulfonation occurring predominantly on the phenyl groups. Because direct sulfonation of 
the SWNT would introduce sp3 carbons on the surface of SWNTs and those change D/G. 
This picture is further supported by the fact that S was not found by XPS. 
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Figure 3.5. Raman spectra of functionalized SWNTs listed in Table 3.7. Figure 3.5a, 
product 19 (blue), 29 (pink) pristine SWNTs (yellow), 3.5b 32 (pink) pristine (blue). 
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3.3.2.3 Solubility of Phenylation-Sulfonation Products 
Figure 3.6 illustrates the relative solubility of three phenyl-sulfonate 
functionalized SWNTs (22, 23, and 24) and pristine SWNTs in methanol (Figure 3.6a), 
water (Figure 3.6b) and isopropanol (Figure 3.6c). In these experiments 1 mg of 
functionalized SWNT was transferred into the vials, 4 ml of solvent was added and the 
mixture was sonicated for 3h. As shown in figures 3.6a, 3.6b, and 3.6c, the 
functionalized SWNTs are clearly soluble in these three polar solvents. No evidence of 
sedimentation (black residue at the bottoms of the vials) was observed even after one 
month of quiescence. To the other hand, Pristine SWNTs never dispersed in these polar 
solvents. These solubility observations support the thesis that SO3H groups were 
attached to the SWNTs. 
PSWNT 22 23 24 PSWNT 22 23 24 
a Methanol b Water 
PSWNT 22 23 24 
c Isopropanol 
Figure 3.6. Pristine SWNTs in far left and from left to right three sulfonation reactions 
(22, 23, and 24) in (6.3a) methanol, (6.3b) in water and (6.3c) in isopropanol. 
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3.3.2.4 X-ray Photoelectron Spectroscopy of Phenylation-Sulfonation Products 
Figure 3.7 contrasts XPS results of phenyl-sulfonation reactions (32 and 29 Table 
3.7) with pristine SWNTs. The binding energy of sulfur in XPS is around 229 eV and for 
oxygen, it is around 532 eV. The XPS survey spectrum of reaction 29 also shows a small 
peak around 229 eV (1.9% S Table 3.7) which indicates the presence of sulfur on the 
SWNTs. Also, by comparing XPS of pristine SWNTs (3.0% O Table 3.7) with reaction 
29, the oxygen peak (around 532 eV) increased significantly on functionalized SWNTs 
(11.0% O reaction 29 Table 3.7). This is because of the three oxygen atoms in [SO3H] 
and is another indication of the presence of [SO3H] on the surface of CNTs. As 
discussed above, the presence of phenyl groups on the sidewall of CNTs is evidently 
essential for sulfonation reaction to take place. An important piece of evidence for this is 
the control experiment in which pristine SWNTs were reacted with 15% fuming sulfuric 
acid (32 Table 3.7). Figure 3.7b shows the XPS survey scan for this reaction product. 
The absence of sulfur peak around 229 eV indicates that the sidewall of pristine SWNTs 
did not undergo sulfonation. 
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Figure 3.7. XPS survey results from reactions 32 and 29 and compared with pristine 
SWNTs. 
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3.7.4 Thermogravimetric of Phenylation-Sulfonation Products 
As noted above, TGA is an analytical technique that measures the weight loss of 
material as a function of temperature. Figure 3.8, contrasts the TGA results of two 
sulfonated SWNT products listed in Table 3.8 (24 blue and 27 pink) with compared 
pristine SWNTs (yellow). 
Table 3.8. Raman, XPS and TGA results from sulfonation reactions carried out on 
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Figure 3.8. TGA results (in Air, Heating Rate: 20°C/min) for pristine (yellow) and 
sulfonated products 24 (blue) and 27 (pink) as summarized in Table 3.7. 
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As expected, the functionalized CNTs exhibited mass loss initiating at a much 
lower temperature than the pristine SWNTs. In this case some weight loss was observed 
almost immediately, which may be due to waters of hydration on the sulfonic acid 
residue. More extensive weight loss began gradually above about 200-250 °C and 
followed by an abrupt decomposition at 600 °C. This lower temperature decomposition 
relative to pristine SWNTs is evidence of covalent functionalization as this would be 
expected to destabilize the highly conjugated structure of SWNTs structure. Raman and 
XPS results indicate that reaction product 27 has more functional groups attached on the 




In this study, non-HiPCO SWNTs were functionalized through tandem 
phenylation-sulfonation reactions which yielded highly water-soluble SWNTs. The 
functionalized SWNTs were characterized by Raman spectroscopy, XPS, solubility, and 
TGA. A strong correlation between these characterization results indicated the relative 
degrees of functionalization of SWNTs under the various reaction conditions. 
All of these characterization methods support the presence of phenyl and sulfur groups on 
the surface of SWNTs. This work also confirms that different parameters, such as 
reaction time, and BPO concentration, play an important role on the degree of phenylated 
SWNTs. As shown previously by increasing the reaction time and concentration of BPO 
up to 0.04 gr/ml the D/G ratio increased significantly. 
Based on the %S (-2%) obtained by XPS, it is estimated that roughly one in every 
40 carbons of CNTs was functionalized under the strongest reaction conditions. 
The solubility test also showed that sulfonated SWNTs were observed to be 
soluble in water with no black precipitation after two months implying a stable covalent 
modification was achieved. This work also suggests that the reactivity of these non-
HiPCO SWNTs is lower than that of HiPCO SWNTs since our results yielded a slightly 
lower %S than comparable literature reports. Since HiPCO SWNTs have smaller 
diameters and higher curvature, theoretically leading to higher reactivity, this is 
consistence with the above observations. Non-HiPCO SWNTs are a viable alternative 
for the preparation of gram or larger scale functionalized SWNT samples. 
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Future Study 
Our future goal is to make CNT-polymer composites. Among the numerous 
opportunities that may emerge from CNT-polymer composites are materials such as 
electrically conductive ceramics for the electronics sector, printable conducting polymers 
for the automobile industry and UV protective and corrosion protective coatings. 
Numerous high demand applications of CNT-polymer composites are desired by NASA 
for application on aircraft and space vehicles. These applications include CNT-polymer 
composites that impart radiation protection, heat dissipation and static discharge 
properties and that exhibit high strength to weight ratios and that have high heat 
tolerance. 
The study of polymer nanocomposites has focused on nanotube dispersion, 
untangling, alignment, molecular distribution and bonding. The important aspect of 
making CNTs-polymer composites is to have interfacial bonding between CNTs and 
polymers. As mentioned before pristine MWNTs and SWNTs are extremely 
hydrophobic, and tend to aggregate and become insoluble or poorly dispersed in any 
solvents. In thiw work we successfully attached hydrophilic groups (maleic anhydride 
and phenylsulfonic acid) onto the sidewalls of CNTs, which improved the dispersion of 
CNTs in hydrophilic solvents and should consequently should increase the interfacial 
bonding between CNTs and a polymer matrix. In the future we plan to make CNT-
polymer composites with our functionalized CNTs and hopefully we will have high 
interfacial bonding between our functionalized CNTs and polymer matrix. Ideally the 
94 
resulting CNT-polymer composite materials will exhibit the full array of advantages 
anticipated above so that advanced materials can be produced. 
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